Objectives: We evaluated the in vitro activity of posaconazole and amphotericin B against several clinical strains of the mucoralean fungus Apophysomyces variabilis, and their efficacy in a murine model of disseminated infection caused by that fungus.
Introduction
Apophysomyces is a genus of the order Mucorales that typically causes necrotizing fasciitis in humans and primarily infects immunocompetent hosts. 1, 2 Recent physiological, genetic and morphological data have demonstrated that the genus Apophysomyces comprises at least four species, i.e. Apophysomyces elegans, Apophysomyces variabilis, Apophysomyces ossiformis and Apophysomyces trapeziformis. The clinical role of these new species is not yet known, but it seems that the prevalent species in clinical cases is A. variabilis, 4 although A. trapeziformis recently infected 13 individuals injured in a tornado in the USA. 5 Amphotericin B is the recommended drug for treating infections caused by members of Mucorales, but it has failed in an important number of infections. 1 Posaconazole is a good alternative in the treatment of infections that are refractory or intolerant to polyenes. 4, 6 However, there have been few clinical data on the use of posaconazole in the management of Apophysomyces infections. 7 Given the lack of clinical experience, animal models can be a predictive source of information on the efficacy of new therapeutic strategies. 4 We tested the in vitro and in vivo activity of posaconazole and amphotericin B against a set of clinical strains of A. variabilis in a murine model of infection caused by this fungus.
Methods
Seven clinical strains of A. variabilis molecularly identified 3 were used in the in vitro study (see Table 1 ). Their susceptibility to posaconazole and amphotericin B was evaluated using a reference method. 8 The MIC (in mg/L) was read at 24 h. For the murine studies we randomly chose six of the strains previously tested in vitro.
On the day of infection, cultures on Czapek agar (CZA) were suspended in sterile saline and filtered through sterile gauze to remove clumps of sporangiospores or hyphae. The resulting suspensions were adjusted based on haemocytometer counts and by serial plating on CZA to confirm viability.
Male OF1 mice (Charles River) aged 6 weeks and weighing 30 g were used. All animal care procedures were supervised and approved by the Universitat Rovira i Virgili Animal Welfare and Ethics Committee. Immunocompetent mice were challenged with 1×10 3 cfu in 0. 
JAC
The efficacy of posaconazole and amphotericin B was evaluated based on the results of survival, tissue burden reduction and histopathological studies. All treatments began 1 day after infection and lasted for 7 days. For survival studies, groups of 10 mice were randomly established for each strain and each treatment, and were checked daily for 30 days after challenge. Control groups received no treatment. For tissue burden studies, groups of 10 mice were also established and the animals were sacrificed on day 4 post-infection in order to compare the results with living controls.
Lungs, kidneys, liver, spleen and brain were aseptically removed, and then approximately half of each organ was cut using a sterile scalpel and five small pieces were put on the surface of CZA medium plates. To ensure the reproducibility of the experiments, samples were cultured in duplicate. The plates were incubated for 24 h at 408C 3 and were observed under a stereoscopic microscope to check for the presence of fungal growth. Statistical significance for the tissue culture study was estimated by the Mann-Whitney U-test. The mean survival time was estimated by the Kaplan-Meier method and compared among groups by using the log-rank test.
For the histopathology study, half of each organ was fixed with 10% buffered formalin. Samples were dehydrated, paraffin embedded and sliced into 2 mm sections, which were stained with haematoxylin and eosin, periodic acid-Schiff or Grocott's methenamine silver and examined in a blinded fashion by light microscopy. Additionally, groups of five immunocompetent mice were challenged with the strain GMCH 211/09 and treated with 0.8 mg/kg amphotericin B once daily or 20 mg/kg posaconazole twice daily to determine the levels of these drugs in serum and brain by bioassay 4 h after administering the drug on day 4 of therapy. 9 
Results
Following the suggested working breakpoints against Mucorales, 8 86% of the strains tested were susceptible to posaconazole and 29% to amphotericin B (MIC ¼ 1 mg/L), while the others showed intermediate susceptibility to both drugs (MIC¼ 2 mg/L). In vitro resistance was not observed in any case.
Posaconazole and amphotericin B were able to significantly prolong survival with respect to the control group for all the strains tested. Moreover, posaconazole also significantly prolonged survival compared with amphotericin B for two strains (Figure 1) .
The organ cultures of the control animals were always positive with the exception of the lungs, which were the least affected organs. In general, both drugs were effective in reducing the percentages of positive cultures from the affected tissues with respect to the control group, with the exception of the strain GMCH 480/07, for which amphotericin B was only able to reduce the fungal load in the lungs and not in the other organs. In addition, posaconazole reduced the fungal load in the kidneys with respect to amphotericin B for the strain IMI 338332 (Table 1) .
At day 4 of treatment, posaconazole and amphotericin B levels in serum (7.15+0.16 and 6.05+0.62 mg/L, respectively) and brain (6.10+0.86 and 4.95+0.71 mg/g, respectively) were above the corresponding MICs for the isolates tested. Here, the limit of detection was found to be 0.125 mg/L for both of the drugs assayed.
The histological studies of controls revealed that the kidneys were the most affected organs. All organs tested showed abundant fungal elements, with infiltration by hyphae in the blood vessels, but fungal invasion was not observed in the lungs. Kidney sections showed glomerular and tubular invasion by hyphae, with signs of tubular necrosis and an inflammatory response. Fungal elements, necrosis and an inflammatory response were observed in kidney sections of mice treated with amphotericin B. Mice treated with posaconazole showed renal, hepatic and splenic congestion, but there were no signs of necrosis or inflammatory response and few fungal elements, which were only observed in the kidneys.
Discussion
Infections caused by Apophysomyces are associated with severe morbidity and high mortality rates. 1 In experimental studies, Apophysomyces has proven to be more virulent for mice than other species of Mucorales. 10 To our knowledge, this is the first experimental study that has explored the efficacy of antifungal drugs against a relatively high number of strains of Apophysomyces. Previously, Dannaoui et al. 10 showed a high efficacy of amphotericin B against one strain of A. elegans. In this study, the efficacy of that drug was more modest. However, our study differed in some relevant aspects, such as the treatment schedules, dosages and route of administration of amphotericin B, which makes any comparison difficult. Data on the efficacy of amphotericin B in the treatment of Apophysomyces infections are controversial. Of the four clinical cases reported by Chander et al., 6 only one of the two 11 The identity of the species of Apophysomyces involved in those infections is unknown, although they were attributed to A. elegans. It is likely that they were caused by A. variabilis, which seems to be a more prevalent species of the genus. 1 We expect now that as more reliable methods for the identification of the species of Apophysomyces are available, 3 our understanding of the clinical role of the different species of the genus will improve.
In our study, although the two drugs tested significantly reduced the presence of hyphae in infected tissues, posaconazole was more effective than amphotericin B in improving survival. Up to now, posaconazole has been successfully used in one patient with an Apophysomyces infection that was resistant to amphotericin B. 7 In this study, most of the posaconazole MICs were within the range of susceptibility (1 mg/L) or intermediate susceptibility (2 mg/L), and correlation between the outcome and MICs was not observed. This was probably due to the difference of only one dilution, which is not enough to categorize different degrees of susceptibility.
However, in any case, it would be interesting in future animal studies to refine these results with posaconazole MICs ,1 mg/L, if they are available, in order to define as accurately as possible the MICs that better correlate with in vivo outcome.
In summary, posaconazole showed good efficacy in our experimental model of disseminated infection and merits further investigation in order to develop effective treatments for human infections caused by A. variabilis.
